Abstract-This paper reports on the quasi-three-level continuous wave laser operation based on waveguide structures in neodymium-doped calcium niobium gallium garnet disordered crystal. Laser wavelength selection through the waveguide cross section was observed. Waveguide structures with different cross sections were fabricated by the ultrafast laser inscription, which have propagation losses around 1 dB/cm. With suitable pumping conditions, laser emissions were observed at the low wavelengths of ∼930 and ∼890 nm. The lasing threshold for the low-wavelength emission was around 50 mW, which is far below the threshold of several watts reported in the bulk laser system. In addition, it was found that the laser generation at the wavelength of ∼890 nm has direct relationship with the volume of the waveguide structure. The results suggest advantages of the waveguide platforms over the bulk systems on the low-wavelength laser emission.
I. INTRODUCTION
A MONG the family of neodymium-doped disordered laser materials, neodymium ion doped calcium niobium gallium garnet (Nd:Ca 3 (NbGa) 2−x Ga 3 O 12 or Nd:CNGG) is an attractive gain medium. Owing to the random distribution of the niobium and gallium ions, it has lower melting point of 1460°C, broader absorption band and larger emission bandwidth compared with ordered crystals, which makes it suitable for multi-wavelength and ultra-short laser [1] - [3] . Based on the Nd:CNGG bulks, laser emissions at the wavelength of ∼930 nm [4] , 1.06 μm [5] and 1.33 μm [6] have been realized.
For the Nd-doped medium, the laser emission with wavelength less than 950 nm (so-called low-wavelength) could Y. Tan be generated through the quasi-three-level laser transition process. Low-wavelength lasers can be used for the blue spectrum laser emission combined with the second-harmonic conversion process [7] . For example, the fundamental wavelength of 800 ∼ 950 nm could be transformed into the spectrum of 400 ∼ 445 nm. Compared with semiconductor lasers, it has smaller spectral width and better coherence length, which makes it interest for interferometer experiments. Besides, the quasi-threelevel laser transition around 900 nm has the potential application as the sources for the differential absorption lidar (DIAL) in water vapor detection, which have wavelengths overlap the absorption peaks of water vapor. [8] As reported in Ref. [4] , [9] , [10] , Nd:CNGG disordered crystal has proved to be an efficient gain medium for the laser oscillation around 930 nm. However, no observation on the laser emissions at ∼890 nm has been reported in Nd:CNGG crystal as of yet. Waveguide lasers, taking advantages of the compact platform of waveguide structures, are promising integrated light sources [11] - [17] . With appropriate design of dielectric mirrors, lower lasing thresholds and considerable pumping efficiencies can be easily obtained compared with the bulk lasers. The waveguide structure in Nd:CNGG was firstly fabricated by ion implantation, but the propagation loss was high (3 dB/cm), which limited the laser emissions from the structure [18] , [19] .
The femtosecond (fs) laser inscription is a robust, mature technique for waveguide fabrication in a number of gain media, including glasses, ceramics and single crystals [20] - [27] . In crystalline materials, there are three configurations of fs laser inscribed waveguides, i.e., Type I waveguides (with positive refractive index changes in the track), Type II stress-induced waveguides (typically located in the region between two tracks with reduced indices) and Type III depressed cladding waveguides (surrounded by low-index tracks). Type II waveguide was traditionally used for the fabrication of highly efficiency as they provide high index contrast waveguides while creating a minimum lattice distortion at the active volume [28] . In addition, the modal feature of Type II was detected to be a single mode and has smaller size compare with Type III waveguide. Hence, Type II structures are usually superior to those of cladding waveguides. So far, the highest output power of waveguide laser was obtained based on Type II structure [24] . According to our previous work [29] , four-level Nd-ion transition from Type III waveguide was observed. But no quasi-three-level laser operation has been observed in the waveguide structure.
In this Letter, we reported on the fabrication of fs laser inscribed Nd:CNGG Type II waveguides. Properties of waveguide, such as modal profiles and propagation losses, were obtained. Under certain pumping conditions, the stable laser oscillations at low-wavelengths of ∼930 and ∼890 nm were realized inside the waveguides.
II. EXPERIMENTS OF WAVEGUIDE FABRICATION AND LASER EXCITATION
The Nd:CNGG crystal used in this paper is the same as the one reported in Ref. [9] , which was doped by 2 at.% Nd 3+ ions and cut into dimensions of 8 × 9.9 × 1.
with all the facets optically polished. A linearly polarized 120 fs pulsed laser (Spitfire, Spectra Physics, USA) was used for the inscription of damaged tracks, with a central wavelength of 800 nm, a repetition rate of 1 kHz and a maximum pulse energy of 1 mJ. During the inscription process, the energy of the pulses was reduced to 0.84 μJ and was focused inside the sample with a 40 × microscope objective, scanning the sample at 25 μm/s. Two parallel tracks were thus written with different separations. As depicted in Fig. 1(a) and (b), waveguide 1 and waveguide 2 (W1 and W2) were formed between the tracks with width of 20 and 15 μm, respectively. Fig. 1 (c) and (d) shows the modal profiles of the waveguide at the wavelengths of ∼930 and ∼890 nm, respectively, showing single-mode waveguiding features. Adjusting the polarization of the detecting light, we found only TM (parallel to tracks) polarized light could be confined inside the waveguide. To avoid the absorption from the doped rare-earth ions, a laser at wavelength of 632.8 nm was used to measure the propagation loss by the method described in Ref. [30] . The value of propagation loss was determined to be less than 1 dB/cm.
We measured the room-temperature luminescence spectra obtained from the W1, W2 and bulk. During the measurement, pumping laser at 810 nm was coupled into waveguides and the bulk, respectively. Meanwhile, the output light was collected and detected by an optical spectrograph (measurement error less than 2 nm). As shown in Fig. 2 , shapes of fluorescence spectrum were almost identical. And the value of emission peaks in waveguides was the same as the bulk, which indicates the fs laser inscription process did not affect the fluorescence properties of the Nd:CNGG crystal. Fig. 3 shows the experimental setup for the laser excitation. Through a convex lens (focal length 20 mm), a continuous laser at the wavelength of 810 nm from a wave tunable Ti:Sapphire laser was coupled into the Nd:CNGG waveguide. To build the resonant optical cavity for the laser oscillation at the low-wavelength, specially designed Mirror 1 and Mirror 2 (M1 and M2) were adhered to the end-facets of the waveguide as the resonator high-reflectivity mirror and out-coupling mirror, respectively. Fig. 4 depicts the schematic of the pumping together with upper lasing levels of the Nd 3+ ions. In the Nd-doped medium, the quasi-three-level transition could induce the lasing at both ∼930 and ∼890 nm corresponding to the emission of 4 F 3/2 → 4 I 9/2 . For CNGG crystal, there are three or four different sites for Nd 3+ dopant ions due to the disordered nature of the crystalline host. The coexistence of sites produces broadened fluorescence spectra and distinct fluorescence peaks, which indicates the possibility of multi-wavelength laser generation.
In order to select the laser emission at the certain wavelength, the reflectivity of the mirrors was accurately selected. For example, M1 (M2) has 90% (>99.98%) reflectivity at the wavelength of ∼930 nm to realize the laser emission at that wavelength. In addition, a pair of mirrors with 90% (M1) and >99.98% (M2) reflectivity at ∼890 nm was used for the ∼890 nm wavelength laser oscillation. 5 . Power of the total output laser versus the absorbed pumping power from W1 (triangle) and W2 (circle). The inset shows the cw laser oscillation spectra from waveguides after pumping at 810 nm above the power threshold.
III. RESULTS AND DISCUSSION
Using the pair of ∼930 nm mirrors, we obtained the laser oscillation from W1. The inset of Fig. 5 depicts the spectrum of the output laser from W1 and W2, when the pumping laser power with the TM polarization was above the laser threshold. As one can see, there is a dual-wavelength laser oscillation at the wavelengths of 927.5 and 934.1 nm. For W1, the laser threshold was around 50 mW and the maximum output power was around 14 mW under ∼240 mW absorbed pumping laser. The slope efficiency was around 7.4%. In W2, the laser threshold was decreased to 27 mW and slope efficiency was 8.5% indicating the enhanced laser performance induced by smaller volume of the waveguide. Please note the absorbed pump power was evaluated taking into account optics characteristics and the propagation losses, as well as the coupling efficiency of the pump beam into each waveguide (∼80%).
Pumping laser with the TE polarization was also used to pumping waveguide laser in this work. However, the slope efficiency of the waveguide laser was only 2% and the lasing threshold was up to 100 mW. This may because the Type II waveguide is induced by the compression form tracks, which could lead to the birefringence phenomenon in the waveguide region. And light with TM polarization will has higher coupling efficiency compared with TE light. Hence, more pumping light with TM polarization could be coupled into waveguide with the same coupling power.
Compared with the bulk Nd:CNGG laser, an additional wavelength at ∼927.5 nm was found and the threshold was far below the value (3 W) in the bulk [9] . We believe the enhanced laser operation is induced by the waveguide structure, which has a much smaller volume of the resonant cavity.
The mirrors were then replaced by the pair for ∼890 nm. From W2, ∼ 890 nm laser emission was obtained when the power of absorbed laser was more than 70 mW with TM pumping laser. As depicted in Fig. 6 , a dual-wavelength laser oscillation was obtained at the wavelengths of 885 and 891 nm, respectively. The threshold for both wavelengths was similar, and the maximum output power was around 10 mW when the pumping power was ∼240 mW at the wavelength 810 nm with TM polarization. This is the first time laser oscillation at ∼890 nm was observed based on Nd:CNGG crystal.
Surprisingly no laser emission at ∼890 nm was found in W1 with the same mirrors and pumping conditions. Similar thing was also observed in Nd:CNGG Type III waveguide [28] . With the same mirrors and pumping conditions, no quasi-three-level laser could be excited. The main difference of these waveguide is the size of volume of the waveguide. It seems that the volume of the waveguide structure directly affects the laser performance for the quasi-three-level wavelength.
To explain this phenomenon, we propose to use the same model as for the three-level laser in Yb-doped materials [31] . In order to achieve laser emission, the gain coefficient should be considered as the main quantity, which is related to the effective cross sections at the laser wavelength (λ) including the absorption cross section (σ abs (λ)) and the emission cross section (σ em (λ)). As ground state resonance absorption is present at the laser wavelength for Nd lasers, the minimum fraction (β min,λ ) of excited Nd ions must balance the ground-state absorption and the gain exactly. For the lowest wavelength, β min,λ could be expressed by equation [31] :
To achieve transparency at the extraction wavelength, we could calculate the minimum required pump power (P min ) by the equations
where I sat is the pump saturation intensity parameter; σ pump,abs and τ em are the absorption cross section and the emission lifetime at the pumping wavelength; and S is the waveguide cross section.
For the situation of the quasi-three-level laser transition in Nd:CNGG crystal, σ em (890) and σ abs (890) are 1. As shown in Eq. (2), the pumping threshold power (P min,λ ) is proportional to β min,λ and S. Based on the above calculation, the pumping threshold at ∼890 nm should be more than three times larger for laser emission at 930 nm in the waveguide with the same cross section S. Therefore an efficient way to decrease the pumping threshold is to decrease the area of the cross section for the laser emission with higher value of β min,λ .
The stability of the waveguide laser was discussed. We measured the variation of output laser power by a photodiode detector and an oscilloscope with a sampling interval of 2 ns. The variation ratio of the output light was less than 0.2% measured over a period of 10 min, which means the Nd:CNGG waveguide laser is a stable continuous-wave laser source.
In conclusion, low-wavelength laser was generated based on Nd:CNGG waveguides, which was fabricated by the ultrafast laser inscription method. The propagation in the waveguides was single-mode and the measured loss was 1 dB/cm. The power thresholds of the waveguide lasers was ∼50 and ∼70 mW for the wavelengths of ∼930 and ∼890 nm, respectively. The stability of this waveguide laser was discussed and it was proved to be a continuous stable laser. Nevertheless, future effort would be performed on the improvement of the efficiency of the Nd:CNGG waveguide system. 
